Bamboo is one of the world's fastest growing plants making it a promising energy crop. Due to its size and harvest seasons, bamboo has similar logistics as woody resources. Additionally, recent advances in micropropagation may allow significantly lower plantation establishment costs, allowing for the expansion of feedstock production. To investigate the potential of this feedstock for solid fuel, Phyllostachys bissetii bamboo culms were obtained and processed into solid fuel pellets at a pilot scale. The experiments indicated that high quality pellets were able to be produced under similar operating conditions as wood pellets. Additionally proximate, ultimate, and elemental ash tests were performed on the pellets which indicated that P. bissetii should perform similarly to wood solid fuels in boiler operations. From these results we concluded that P. bissetii bamboo has significant potential as a biomass feedstock source for thermal conversion.
Introduction
Globally, fossil fuels provide for more than 85% of all the energy consumed and are responsible for 99% of the carbon dioxide emissions (EIA, 2014) . Furthermore, , these fuels are generally considered unsustainable in their use, which in turn has driven policy to support renewable energy projects that will help curb greenhouse gas emissions. One such renewable energy source considered to play a prominent role in our energy future is bioenergy, which has seen a significant increase in the number of biomass to fuel or biomass to energy projects (Perez et al., 2002) . The European Union has led the way with progressive policy for renewable energy making large investments in biomass to power projects from a variety of fuels derived from lignocellulosic biomass materials such as agricultural residues, woody material, and dedicated energy crops.
processing is required. This processing of biomass into energy or fuels can be accomplished through numerous thermal, biological or chemical techniques, with many of the approaches only in early development phases. Only one such process, chemical combustion, has been commercialized to a large extent for lignocellulosic biomass. Biomass combustion, is a complex process that consists of primarily exothermic chemical reactions which result in the production of heat (Nussbaumer, 2003) . In ideal combustion, the dry organic portion of the fuel is completely oxidized into the CO2 and H2O (Obernberger et al., 2006) . Biomass may be directly combusted as a solid fuel or gasified which thermally degrades the biomass material into combustible gases (Obernberger et al., 2006; van Loo and Koppejan, 2008; Werther et al. 2000) . Combustion of the formed gases, in a boiler or engine, can be used to produce heat and electricity. Alternatively these gases, primarily hydrogen or methane, can be used as the starting material to produce liquid fuels or chemicals (Huber and Dale, 2009) Although raw biomass may be combusted at an industrial heat and power scale, this is logistically challenging, so the material is dried and densified into pellets to allow for improved combustion efficiency, handling, transport, and storage (Kaliyan and Morey, 2009a; Kaliyan and Morey, 2009b) . Densification can increase the bulk density of unprocessed biomass material from 40-200 kg/m 3 to a final bulk density of 600-800 kg/m 3 through compaction that removes inter-and intra-particle voids (Balatinecsz, 1983) . Additionally, the densified biomass can be formed into a consistent shape that is easier to meter into combustion processes (Kaliyan and Morey, 2009b) . Wood is the traditional feedstock used in biomass to energy projects due to its low ash content, as compared to grasses, and its ability to form into high durability pellets. However interest in alternative highyield, low-input perennial feedstocks remains, as long as pellet composition and quality standards to that of wood are maintained.
Bamboo, as one of the fastest growing plants on Earth, is a natural candidate for a low-cost sustainably produced biomass feedstock (Liese, 1987; Scurlock et al. 2000) . Like other grasses they are capable of high land yields of biomass while having the added benefit of being able to be harvested year roun, similar to trees for improved logistics. This combination along with its chemical and physical characteristics makes bamboo an interesting feedstock for bioenergy applications (Lee et al. 1994 ). To date, over 1200 bamboo species have been identified globally, with the large minority having been explored for industrial use. Both tropical and temperate species exist, with a wide variety of plant size from dwarf varieties to large timber bamboo which grows 30 meters tall. Some varieties are even able to grow on marginal soils and most require little agricultural inputs (Van der Lugt, 2009).
Beyond high land productivity, bamboo is attractive as an energy crop due to its ability to be processed similar to wood, with high density that allows lower transportation and storage costs. Although bamboo has many attractive features as an energy crop, few plantations exist due to the high inherent cost of establishment. Bamboo plants flower infrequently, primarily reproducing through rhizomal propagation, which creates a shortage of seeds or creates high-cost root stock (Van der Lugt, 2009 ). Recent micropropagation advances should allow large scale propagation, opening the way for single species bamboo plantations and their use as an energy crop (Burr and Heinricher, 2013 ).
Due to their high growth rate, perennial nature, and natural abundance bamboo plants have long been used extensively in Asia for food, building material and paper. Unfortunately, in many regions of the world, over exploitation and unsustainable harvest in natural bamboo forests has led to significant degrading. The productivity of bamboo stands reported in the literature has varied widely ranging from 2 to 30 dry t/ha/year (Scurlock et al. 2000; Zhao et al, 2010; Nagano and Mabuchi, 2009; Van der Lugt, 2009 ). This productivity widely varies likely due to a number of growth rate factors including species, climate, soil fertility, and stand management practices geared for different end-uses. It is believed that yields of 35 dry t/ha/year are possible through the use of hybrids and plant management typically used for other crops (Jiang Jua and Qing Ping 2012).
Several bamboo solid fuel investigations have been recently reported. Engler et al. (2012) measured chemical properties of two bamboo species, Phyllostachys pubescens and Bambusa emeiensis, with both species found to be suitable for combustion with culms as young as 1 year. Scurlock et al. (2000) measured biomass productivity and fuel characteristics of different Phyllostachys species and concluded that bamboo was an underutilized resource for biomass to energy projects. Nagano et al. (2009) looked at the economics using Phyllostachys pubescens for district heating, and performed combustion experiments with bamboo pellets though no pellet physical or chemical properties were reported. Not all raw biomass is able to be easily converted into high quality pellets with the industry predominantly using woody materials over grasses and while previous studies suggest bamboo might be a good choice for solid fuels for combustion, none have considered the pellet quality, a key attribute required for commercialization. To understand if bamboo would process similar to woody material into high quality pellets, a study was conducted at pilot scale pelletizing a common temperate climate bamboo, Phyllostachys bissetii. The P. bissetii species was selected as the bamboo feedstock as it is highly climate adaptable, creating a broad natural range for production.
Material and Methods
Mature P. bissetii culms were harvested from Snohomish County, Washington and allowed to air dry for 2 weeks. The culms ranged from 30-60 mm in diameter and were cut to approximately 2 m long. The whole culms were chipped by a disc chipper and the chips screened with accepts set at 2 mm and 8 mm holes. The screened chips were allowed to air-dry for another 2 weeks achieveing an approximately 10% moisture content prior to further processing. The air-dried chips were further size reduced with a HM 54 hammermill operating at 1800 rpm and outfitted with 2 mm screen. The screened material was pelleted using a22 kW (30 hP) CPM ring die pellet mill. Both hammermilling and pelletization occurred at CPM Roskamp Champion in Waterloo, IA, USA. The larger pilot equipment was used as small scale pellet experiments typically are unable to accurately predict pellet properties or confirm runnability.
Hybrid poplar wood was also characterized as a comparison to the bamboo material. NM-6 hybrid poplar, Populus maximowiczii x nigra, trees were harvested from Northern Wisconsin after 10 years of age and seasoned for 3 months before use. The logs were chipped in a disc chipper, and screened with accepts set at 2 mm and 8 mm holes. The chips were allowed to air-dry to approximately 10% moisture and cold stored until used. The pellet's physical characteristics were analyzed for desirability, based on logistical impacts of transportation, storage, and handling. Tests of bulk density and pellet durability were determined following standard ASABE protocols. The pellet's chemical characteristics were analyzed for desirability based on expected impact to operations and emissions. For operational considerations, proximate testing (fixed carbon, volatiles, ash, and moisture) was conducted under standard ASTM protocols. Each sample was also tested for, ultimate (C, H, N, O) and select elemental sulfur, mercury, and chlorine analyses to provide potential hazardous emission such nitrogen oxides (NOx), sulfur oxides (SOx), and dioxins. Finally, mineral ash analyses (SiO2, Al2O3, TiO2, Fe2O3, CaO, MgO, K2O, Na2O, SO3, P2O5, SrO, BaO, MnO2) was performed on the resulting ash samples. The standard methods employed in testing are shown in Table 1 . 
Results
To investigate suitability of pelletizing bamboo into combustion grade pellets approximately 200kg of P. bissetii culms were obtained from Provitro Biosciences. The culms were processed similar to wood, using a disc chipper, hammermill with high speed tips and 6mm screen, and a California pellet mill outfitted with a ring die with 6mm diameter and 25mm length holes. Figure 1 shows an overview of sample processing with Figure 2 showing pictures of the bamboo physical form during processing. Samples of the pellets were taken screened and used to measure physical pellet properties (Table 2 ) along with the target properties for a typical specification of a biomass fuel pellet. Based on the testing, the pellets were shown to have high quality, and with some process optimization should be marketable as premium pellet. Beyond pellet physical properties, chemical properties are also important as they insure high combustion efficiencies and prevent hazardous air emissions, boiler deposit, and corrosion problems (Jenkins et al., 1998, Obernberger and Thek, 2004; Ryu et al., 2006) The primary properties of biomass solid fuel that affect the combustion portion operations in thermal conversions are measured by proximate analysis and include moisture, volatiles and fixed carbon, and heating value (Rhen et al., 2007; van Loo and Koppejan, 2008) . Samples of the P. bissetii pellets were taken and put through proximate analysis with the results along with targets for standard wood pellets (Table 3) . Inspecting Table 3 , it can be seen that bamboo material was able to be pelleted with low moisture content, below the <10% targeted limit. The low moisture content reduces the maximum possible combustion temperature leading to an increased residence time in the combustion chamber. The ash content was below the <2% targeted limit, which allows for low ash disposal cost and less concern on ash fusing which can cause furnace operational issues. The volatiles of the bamboo which will control the burnout rate, were less than <75% targeted limit for biomass fuels. Finally, the heating value, which provides the measure of energy content of the fuel, was 17.7 GJ/tonne, which should allow for high boiler efficiencies with boilers and allow for co-combustion with coal systems (Demirbas, 2007; Porteiro et al. 2010; Engler et. al, 2012) . Based on the results it can be seen that the P. bissetii pellets produced in this pilot study would be of high quality for combustion grade pellets. These results are expected to be the case for most bamboo species and likely would be improved with additional studies to optimize the pelleting parameters.
Ultimate analysis was also conducted on the pellets to determine the organic composition, data shown in Table 4 . For comparison values, properties of Hybrid Poplar were also measured. Based on the data, it may be seen the elemental composition of the bamboo is fairly close to that of the wood, although the wood sample having slightly higher hydrogen content, lower sulfur and lower chlorine. Although the ash looks higher for the wood sample this is likely due to harvesting conditions more than any physical characteristics inherent to the biomass, as wood pellets often are below 2% in total ash.
Sulfur in fuel can lead to hazardous sulfur dioxide emissions that have a negative effect on human respiratory systems and can lead to acid rain. Sulfur can also have a corrosive effect when deposited on boiler surfaces. However, based on studies, corrosion concerns from biomass combustion are not warranted at levels below 0.10 % and below 0.20 % for hazardous emissions concerns (van Loo and Koppejan, 2008) . With a sulfur content of only 0.05% these pellets pose no quality issues from a sulfur standpoint.
Biomass with high chlorine content can lead to hydrogen chloride formation during combustion, which too can have negative effects on the human respiratory systems and can cause acid rain formation. Chlorine can also react with organic compounds under certain conditions to create small amounts of high toxic chlorinated dioxins and furans. Biomass with chlorine levels below 0.10% can be considered to be acceptable for most modern systems, with lower levels being desired (van Loo and Koppejan, 2008; Obernberger et al. 2006) . Although the bamboo is higher than the Poplar wood, it is still well below this targeted level. The last tests performed on the bamboo pellets was a mineral ash analysis (Table 5 ). These tests analysis can provide insight into the physical properties of ash and determine whether it will agglomerate into structures that are difficult to remove from the ash bed of the furnace. Ash can also deposit onto boiler surfaces, referred to as fouling. Of particular interest are the heat exchanger surfaces because the fouling will reduce the effectiveness of heat transfer due to the deposits low thermal conductivity (Demirbas, 2004) . Mineral ash analysis completed on the pellet bamboo samples was again compared to the Hybrid Poplar wood sample.
Finally, from elemental ash data a fouling index based was calculated using (Jenkins et al, 1998) , which provides an indication of how much fouling and slagging can be expected from the fuel source. Although the K2O level is quite high in the bamboo, similar to other herbaceous plants and this contributes to the fouling index, the overall low ash content allows the bamboo pellets to have a Fouling Index Values well below 0.17 kg alkali/GJ, a value cited as target to be under to prevent adverse fouling and slagging conditions. Thus the bamboo data suggests the material has little potential to cause operational issues from inorganic ash material.
( )
where: Q = HHV [GJ/kg db] = mass fraction of ash in the fuel (db) = mass fraction of K2O in the fuel (db) = mass fraction of Na2O in the fuel (db) 
Conclusions
Bamboo is a promising energy crop offering many of the logistic advantages of woody crops including multiple season harvests, high density storage, and easily-transported chips, while maintaining their high productivity, perennial nature and low input costs similar to grasses. Considering the bamboo biomass for use as a solid fuel, our study has shown that Phyllostachys bissetii bamboo can be converted easily into solid fuel pellets similar meeting the quality standards of wood based fuels. Proximate testing show the pellets to meet the chemical properties typically required for standard pellets used in industrial boilers. Finally, elemental testing indicated that bamboo pellets have relatively little ash or elemental components that can cause ash agglomeration, corrosion, or air emission issues. From these results P. bissetii bamboo appears to have significant potential as a biomass feedstock source for thermal conversion as solid fuel pellets. Although we only tested one species it is expected that most bamboo species would show similar results.
